This study describes the first box model to assess the dynamics of Zn isotopes in the human body. It determines the response of the different Zn body reservoirs to a change of diet or metabolism and highlights the complex response of reservoirs with short Zn residence times ( e . g . red blood cells) to such a perturbation. The model can also be adapted for other elements such as Ca, Mg or Cu whose isotope ratios are also investigated as new paleodietary or cancer diagnostic tools.
Significance to metallomics
The present box model is the first of its kind to assess the evolution of Zn isotope ratios in the human body. It determines the response of the different Zn body reservoirs to a change of diet or metabolism and highlights the complex response of reservoirs with short Zn residence times (e.g. red blood cells) to such a perturbation. The model can also be adapted for other elements such as Ca, Mg or Cu whose isotope ratios are also investigated as new paleodietary or cancer diagnostic tools.
The study of Zn isotope composition in body tissues is rapidly expanding and its fate is connected to the recent development of TIMS and MC-ICPMS techniques. 1, 2 Initial efforts by Stenberg et al. (2002) to document these Zn isotope signatures focused on mammal organs with further primary research focusing on humans by Helal et al. (2002) , Stenberg et al. (2005) , and Ohno et al. (2005) . [3] [4] [5] [6] However, it was not until 2011 that studies of human blood, bones and teeth [7] [8] [9] [10] [11] [12] [13] [14] [15] were conducted with large sample sizes. So far, these studies have constituted the bulk of the Zn isotope data available for human tissues. Despite their limited number, they already highlight the great potential of Zn isotope variations to detect breast cancers based on blood values and to reconstruct past hominin diets using dental enamel data. 10, 11 Nevertheless, Zn homeostasis and its bearing on the mechanisms of Zn isotope fractionation in the human body remain poorly investigated. This considerably limits the comprehension and interpretation of the variability of Zn isotope ratios in human tissues and their application to the fossil remains of past hominins. oxidation state (2+) and 99% of the zinc is intracellular. It has multiple ligands with more than 300 associated enzymes. 12 Zn isotope fractionation is controlled by the coordination of Zn with the different ligands in the body tissues. This fractionation has already been estimated through ab initio calculations, 13, 14 but those calculations did not explore fractionation by the ligands present in food products and bodily tissues. It has been hypothesized that, due to preferential precipitation of light Zn isotopes with phytates in the intestinal tract, 20, 21 plant-eaters exhibit higher d 66 Zn in their body tissues than meat-eaters. Preferential absorption of heavy Zn isotopes during intestinal absorption was observed in three controlled feeding experiments on mice and sheep. 18, 22, 23 If kinetics does not allow us to quantitatively predict the extent of Zn isotope fractionation, equilibrium fractionation factors nevertheless provide strong constraints on the nature of interacting Zn compounds, both dissolved and structural, throughout the body and on the direction of isotopic changes. For instance, when Zn is bound to the phosphate groups of phytates, those groups preferentially bond with heavy isotopes. 19 Since it seems that Zn heavy isotopes are preferentially absorbed, it looks like Zn light isotopes preferentially precipitate with the phytates. In the intestinal tract, isotopic fractionation is therefore rather due to kinetic than to equilibrium mechanisms.
An important question is whether abundances of Zn isotopes change through life in the body and its organs. It has been suggested that 66 Zn is preferentially absorbed and retained in the body relative to 64 Zn throughout the lifetime of sheep. 22 These predictions are supported by the observation that the isotopic composition of sheep feces, which accounts for most of the daily Zn excretion, is enriched in light Zn isotopes relative to diet. 22, 23 Similarly, a positive correlation was found between the age of Yakut individuals, who live in a circumpolar region, and whole blood d 66 Zn. 14 Such a trend, however, was not observed in whole blood samples from a Belgian population, 10 which we confirmed with new red blood cell (RBC) data on a French population sample ( Fig. 1 and Table S1 in the ESI †). We also observed that the blood d 66 Zn values of the Yakut are higher than their European and Japanese counterparts. 14 This was attributed to the higher basal metabolic rate of the Yakut population due to cold stress adaptation. However, in light of the recent evidence suggesting a relationship between bodily d 66 Zn values and diet, 11, 12, 20, 21, 24 we cannot exclude that the Zn isotope peculiarity of the Yakut blood is also explained by specific dietary habits. Yakuts are indeed incorporating more and more market food into their daily meals, which homogenize their diet with the other populations studied so far. 25, 26 The youngest generations are particularly likely to adopt the new dietary habits.
The motivation of the present work is to assess the causes of Zn isotope variability in the human body using a box (compartment or reservoir) model of Zn isotope homeostasis. Over the past few decades, multiple kinetic models have been developed from nutritional studies using Zn isotope supplementation. These studies established the Zn fluxes among pools in the human body and, along with d 66 Zn data on mammalian organs, enabled dynamic numerical models of Zn isotope variability in each bodily reservoir to be developed. The present work returns to these models using an improved dynamic description of the fluxes and natural isotopic variability. We will discuss the influence of diet on Zn isotope ratios of blood, bones, and teeth by comparing the results of this model with actual isotope ratios measured in human and animal tissues. Due to the growing interest in Zn isotopes in archeological sciences 9, 16, 20 for dietary reconstruction, we will present and discuss the relationship between the isotope ratios of food products and those of body mineral tissues (bones and teeth).
Methods

A model design for Zn homeostasis
Literature kinetic models were dedicated to the evaluation of Zn mass in each organ and body fluid, particularly those exchanging rapidly with the plasma, and to their turnover times. [27] [28] [29] [30] [31] [32] [33] Most of the Zn is passively held in muscles and bones. In blood, it is located in red blood cells, where it is bound to carbonic anhydrase 34 and superoxide dismutase. The brain, muscles, and bones have characteristically slow Zn turnover times 27, 29 and it is very difficult to quantify the exchange of Zn between these reservoirs and the plasma. Wastney et al. 29 have quantitatively estimated the Zn turnover time in muscles. We used these authors' estimates for Zn fluxes in the human body. We excluded the brain from our model on the grounds that it represents a minor fraction of the total bodily Zn (1.5%) 35, 36 and that the Zn turnover time in the brain is poorly known. We therefore included the ten following reservoirs ( Fig. 2 ): the bolus (D), the plasma of the portal vein upstream from the liver (PV), the plasma (P), erythrocytes (R = RBC), the liver itself (L), muscles (M), bones (B), kidneys (K), the bladder (U = urine), and the skin (S). The diet function k (forcing term) can be any arbitrary nonnegative function of time. The exchange among reservoirs was treated as first-order kinetic coefficients or, equivalently, as probabilities of exit per unit of time. Excretion cannot be negative and was therefore also treated as a probability of irreversible loss (from the bolus to the kidney, from the skin to desquamation, and from the kidney to urine). All fluxes are listed in Table 1 and discussed in the ESI. † Fig. 2 presents the Zn circulation throughout the human body and fluxes among all reservoirs. 17, 27, 31, 34, 37 The body of a 70 kg man contains about 2.6 g of zinc, mainly distributed between bones and muscles. 17 Around 4 mg (F I-P ) is absorbed each day. 17 Zinc is partially absorbed by the intestine enterocytes (F I-P ) (about 30% of the diet Zn is absorbed 17, 34, 37, 38 ). This partial absorption balances urinary excretion (F P-U ) through the kidneys (F P-K and F K-P ), desquamation (F P-S ), 11 and intestinal secretion (F P-I ). Zinc is directly transported from the enterocytes to the liver through the portal vein (F PV-L ) and returned to the plasma (F L-P ), which reallocates the metal to the other organs and fluids of the body. 17 Fluxes from the hepatic artery to the liver (F P-L ) represent 25% of the Zn input into the liver. After erythrocyte destruction by macrophages, Zn is released in the plasma (F R-P ) and transferred to the bone marrow where new RBCs are formed (F P-R ). The daily intake of zinc is small compared to the total amount of zinc present in the body (B0.5%). Fluxes between muscles, bones and plasma are extremely slow 29 (F P-B and F B-P ; F M-P and F P-M ).
We determined the Zn isotope fractionation coefficients from literature data on humans ( Table 1 ). The calculations used are described in the Supplementary Information 2 (ESI †). We assumed no isotopic fractionation upon output whenever a reservoir had only one exit channel (e.g., bolus to feces or portal vein to liver). We estimated Zn isotope fractionation during intestinal absorption following Balter et al. (2010) . The a P-B value, possibly overestimated, was calibrated from modern plasma d 66 Zn values and archeological bone d 66 Zn values. The method might be somewhat biased since the teeth in this archeological population have higher d 66 Zn values than their modern counterparts. 8 However, the estimate of this a P-B is consistent with the value estimated for mice (Table S2 , ESI †). In addition, an enrichment of heavy Zn isotopes during the incorporation of this element in bioapatite is expected because of its high content of phosphates. In contrast, diffusion during Zn renal excretion and reabsorption does not seem to bring about detectable kinetic isotope fractionation, presumably because Zn is bound to a transporter in the process (see ESI †).
The fluxes, masses, and isotope fractionation coefficients used for the model are described in Table 1 . We first built the reference model (model 0). We then proceeded to evaluate the effect of the basal metabolic rate (BMR) through model A (Fig. 2 ). As dietary needs are more important for individuals characterized by high BMR, we assumed a stronger Zn intake. The fluxes (F D-I + F I-F , Fig. 2 ) used in model A are expressed in mg of Zn ingested per day. The fluxes between the different reservoirs were considered to be proportionally impacted. In model B (Fig. 2) , we tested the influence of diet. We evaluated the isotope composition of each reservoir through time as a function of the Zn isotope composition of diet (d 66 Zn diet ) and of isotopic fractionation during intestinal absorption (a I-P ). Ranges of variations are presented in Table 2 . The d 66 Zn values of dental enamel were estimated from those of d 66 Zn values in bones after a correction of 0.2% which corresponds to the average difference between the two tissues reported by studies on mammals and humans. 8, 20 
Mathematical formalism
The evolution of the number of milligram m i of a particular species in the i-th amongst r interacting reservoirs is described by the following equation modified from Albarède (1996) 43 to account for global inputs and outputs:
where M i is the mass of the i-th reservoir, F i-j is the increment of material lost by box i to reservoir j per unit time (flux), D i-j m is the partition coefficient of species m between this increment and reservoir j, and l i m is the probability of irreversible loss (excretion) from the i-th reservoir to the surrounding per unit of time (e.g., towards urine and feces), and k i m is the input flux (from the diet to the reservoir i through the bolus). Eqn (1) can be reformulated in the matrix form:
where the bold-face characters collect the different variables in each reservoir and A(t) is a square matrix. The inverse of the eigenvalues of the matrix A are all negative and their modulus define the dynamics of the system.
From this point onward, we will label 64 Zn as m and 66 Zn as n. Because of the mass conservation for each reservoir, we have:
which reflects, using eqn (2) together with eqn (1), the total budget of m in the body:
simplifies as: Fig. 3 illustrates the formalism with two reservoirs, 1 and 2, with input into reservoir 1 and irreversible output from reservoir 2. 
The fluxes correspond to the daily intake of Zn through the food and not the flux actually absorbed by the digestive tract. 29 with correction for an absorption of 4 instead of 5.6 mg d À1 .
If p i-j , l i m , and k i m are constants, the system described by (5) In order to describe the dynamics of the denominator species n, and of ratios n/m, we can now add a fractionation
acting upon extraction of the material from reservoir i into reservoir j, so that eqn (1) becomes:
The variation of the ratio R i = n/m = 66 Zn/ 64 Zn is simply:
and therefore
This equation can be rewritten:
Changing R i into R std (1 + d i ) with R std being the ratio m/n in a reference material (here Lyon JMC for 66 Zn/ 64 Zn), we get
with a i out ¼ l i n l i m , measuring relative n/m fractionation upon excretion from reservoir i. This non-linear differential system has been integrated using the ode15s stiff solver of Matlab to ensure the robustness of the solutions. Radioactive tracers can be easily accommodated by adding a radioactive decay 'channel' to the l constants. The source code can be obtained on demand from the authors or at https://github.com/lpouillo/boxmodel.
Results and discussion
Zinc dynamic homeostasis in the human body (model 0)
For the sake of illustration, an example of system evolution is provided in Fig. 4 , in which the p's, k, l, and a values are kept constant, and the initial d 66 Zn value of the bolus is arbitrarily shifted by 1% relative to the steady state values. As in most cooperative systems, it is observed that the Zn pools and isotope compositions of each reservoir adjust to one another in the order defined by the eigenvalues of the system (Table 3 and Fig. 4) , and not by the residence times. Although the 'slow' reservoirs (bones, muscles) drive the system in the long run (Tables 3 and 4 ), the rate of readjustment of the 'fast' reservoirs (Table 3) . (plasma, plasma of the portal vein, liver, etc.) has a more complex relationship with residence times. This is shown in the loadings of each reservoir ( Table 4 ). The evolution of the d 66 Zn values in the 'fast' reservoirs such as the RBC is highly dependent on the initial d 66 Zn value of the muscles and, to a lesser extent, that of the liver (Fig. 5 ). As a consequence, an initial d 66 Zn muscle value drastically different from the steady state value of the system slows down the rate of adjustment of the fast reservoir: in Fig. 5A , the RBC reaches the steady state in about three months when the d 66 Zn muscle is initially at the steady state, and takes 8 years for an initial value shift of 0.4%.
The initial values of the diet and the bones play a minor role in the evolution of the d 66 Zn values in the fast reservoirs (Fig. 5C ). The reservoirs based on the residence times (Table 4) can be subdivided into 'slow' (bones, muscles, and skin), which require between 1.5 and 24 years to adjust, 'fast' (erythrocytes, kidneys, and liver), which react on a day-to-week time scale, and 'ultrafast' reservoirs (plasma), which react in less than a few hours. For the slow reservoirs, the order of the eigenvalues calculated from the model reflects the order of residence times (Table 4) : the bones, skin, and muscles induce values corresponding to a relaxation time of B10 3 days, whereas all the other reservoirs exchange very quickly between each other. Bones and muscles are therefore not involved in the short Zn metabolism. The residence time in bones controls the overall relaxation time of the system. This time is equal to about 24 years, i.e., the order of magnitude of a lifetime. On the year scale or less, the homeostatic steady state of the human body seems to be in a pseudo-steady state, with bones and muscles being practically left out of exchange processes. Interestingly, these two slow reservoirs are the main reservoirs of Zn in the body: in the case of Zn dietary distress, they help buffer any Zn deficiency in the more active reservoirs (plasma, RBC, liver) and protect the homeostasis of the system (Fig. 5A ). This conclusion is consistent with Wastney et al.'s (1986) experiments, which demonstrated that the muscle Zn turnover significantly increased (along with the intestinal secretions and urinary excretion) when the dietary intake of Zn is increased by a factor of ten, but was unable to measure the impact on the F B-P flux, which is too slow. 29 An important question is whether fluxes correspond to exchanges through cell membranes or to cell renewal. Intense flux exchanges have been reported between the plasma and the liver, without a clear determination of the ligands involved in Zn transport. 34 For rat livers, an experiment demonstrated that the Zn uptake reaches a plateau after 10-15 hours. 34 This time frame is consistent with the findings of our model. The fluxes through the membrane of the red blood cells are also very intense. They also fit with the residence time of the element identified by our model. 30, 34, 45 The plasma depuration by the kidney is shorter than the residence time of the Zn in this reservoir, which can be explained by (1) the element selective discrimination performed by the kidney during urinary excretion or (2) the renewal time of the renal cells, which takes at least several days. 46 The time required for renewal of the skin is clearly shorter than the residence time of this organ estimated by the model, and is related to the fact that during keratinocyte mitosis, some cells migrate outwards to the epiderma, whereas others remain in the basal lamina until the next mitosis. This time of 45 days therefore is only relevant for half of the cells. 47 Model 0 steady-state
As expected, the steady state isotope ratios that resulted from the simulation of model 0 are consistent with the average values reported in the literature ( Table 5 ).
The small differences observed between steady-state and observed values are mainly due to the fact that both isotope fractionation and fluxes associated with the intestinal absorption (a I-P , F I-P ) are not fully compensated for by intestinal Zn excretion (a I-P = 1, F I-P = F P-I + F K-U + F P-S ). As a result, the steady-state d 66 Zn value of the dietary bolus contained in the intestinal tract is d 66 Zn = À0.015%, i.e., slightly lower than the reference d 66 Zn diet value of the diet (0%). The difference of d 66 Zn between the diet and feces (Dd 66 Zn diet-feces ) of À0.015% falls between the values observed for sheep (Dd 66 Zn diet-feces = À0.1%) 22 and mice (Dd 66 Zn diet-feces = +0.09). 23 
Zn isotope status and age (model A)
Here, we address the effect of the diet vs. the effect of metabolic rates. Age does not seem to be a major factor. Contrary to the Yakut whole-blood samples, 14 no d 66 Zn drift with age is observed in the plasma of French and Belgian individuals 19 (Fig. 1, 5 and Supplementary Information 1, ESI †) . To explain the isotopically heavy Cu of Yakut blood, we previously suggested that it was an effect of their basal metabolic rate 22 which, relative to Europeans, is boosted by the cold stress. The turnover of elements and their isotopes is faster in circumpolar populations than in inhabitants of temperate zones, a fact which has been used to quantify the basal metabolic rate using double-labeled water. 48 The same interpretation seems to hold for Zn isotopes, but with a depletion in the light isotopes. The average BMR difference between circumpolar and non-circumpolar populations reported in the literature is about 17% for men and 6% for women. 49 Therefore, one can imagine that the enrichment of heavy Zn and light Cu isotopes in the body through the lifespan is faster for circumpolar populations than for populations from tropical or temperate latitudes. It may explain why the isotopic drift is detectable in Yakut populations but not in Belgian or French ones. However, it should also trigger an isotope difference between male and female Yakuts, which has not been evidenced.
In order to test the assumption that d 66 Zn is modulated by the rate of Zn turnover, we turned to the box model ''Model A'' ( Table 2 ). This model explores the influence of dietary Zn flux on the d 66 Zn of various organs and tissues. As dietary needs are more important for circumpolar populations, we postulated that the Zn demand would increase proportionally. For model A, the F I-P flux from the intestinal tract to the plasma is varied from 2 to 8 mg d À1 . All input and output fluxes are varied proportionally. The initial delta values for model A were set 0.3% higher for the RBC and 0.3% lower for the bones. These values were selected with reference to the average difference observed between trophic levels. 20, 24 The model therefore gives the response time of the body to a change of diet as a function of its metabolic rate.
Dietary Zn input slightly impacts the RBC and bone isotope composition by delaying the steady state, which is reached after several months to decades depending on the initial reservoir delta values (Fig. 7) . Steady-state values are similar for each simulation regardless of the BMR values. The steady state is simply reached at a slightly earlier time for individuals with high BMR.
The effect of BMR remains below the detection limit by Zn isotope analyses: for a variation of 20% of metabolism, the difference between the d 66 Zn bones values of low and high metabolism would be about 0.01%. Even after 25 years, such a shift is much lower than the analytical error of Zn isotope measurements (Fig. 7) . A change of diet will take several decades to be isotopically recorded in blood and bones. Therefore, a drift of d 66 Zn with age is not expected in adult blood, regardless of the latitude of residence. Changes of the diet d 66 Zn, however, cause changes in the RBC d 66 Zn within 100 days (Fig. 7A ). When the initial d 66 Zn muscle value is shifted from the steady state one, most of the drift of d 66 Zn RBC values happens during the first 100 days and the last 0.1% slowly evolves over the following years (about 0.03% year À1 from medium to high metabolic rates, Fig. 5A ). In this case, the steady state will be reached after several decades (Fig. 7C ).
Zn isotope compositions as a diet tracer (model B)
Model B explores the impact of two dietary parameters: the fractionation coefficient during intestinal absorption (a I-P or a I-PV ) and the Zn isotope composition of diet (d 66 Zn diet , Fig. 2 ). Isotope fractionation is impacted (1) by the different types of reactions happening during intestinal absorption and their kinetics, (2) the pH of the intestinal tract, (3) the electronic environment of the Zn contained in different food products, and (4) the intestinal absorption rate, which describes the ratio between the Zn flux crossing the intestinal border and the proportion of Zn re-entering the intestinal tract (absorption = F I-P /F D-I ). The higher the absorption is, the closer the a I-P value is to 1. The absorption will strongly depend on the plant/meat ratio in the diet with the additional complexity that Zn ingested with plants is poorly bioavailable. 50, 51 For the present box model, the absorption rate was arbitrarily set at 40%. The associated a I-P (model 0, a I-P = 1.00018) might correspond in reality to a different absorption rate. We estimated that a variation of the absorption of 10% for a constant a I-P would impact the different reservoir values by about 0.03% (ESI, † Fig. S2 ). The other factors influencing the fractionation coefficient mentioned For a given value of a I-P , the range of isotopic variation in blood reflects the range of the diet. The fractionation coefficient a I-P also plays an important role in the final d 66 Zn RBC , d 66 Zn bone , and d 66 Zn enamel values as a variation of 1% causes 1% isotope fractionation, since the reservoirs are at the steady state (Fig. 7) . The two main parameters influencing the steady-state isotope compositions of the different reservoirs are therefore the isotope fractionation during intestinal absorption (a I-P ) and the isotope composition of the diet (d 66 Zn diet , Fig. 7 ). 3, 9, [26] [27] [28] 32, 33, 51 Knowing the isotope composition of the diet and that of body organs and tissues measured in mice and sheep, 18, 22, 23 we can compare the coefficients of isotope fractionation during intestinal absorption deduced from the d 66 Zn values of plasma and diet a IÀP ¼ 1000 þ d 66 Zn diet À d 66 Zn plasma 1000
to that determined from our model based on the d 66 Zn diet , d 66 Zn RBC , and d 66 Zn bone values. We also estimated this coefficient from the bone and enamel values of modern grazers and browsers from Kenya and those of local plants ( Fig. 6B and C) . We report these coefficients in Table 6 . For wild herbivores, the deduced ranges confirm the preferential absorption of heavy zinc isotopes during intestinal absorption. The range deduced for mice and minipigs also corresponds to the range calculated from plasma and diet data. 18 However, there is a discrepancy between the ranges predicted from blood and bone values for the mice and sheep studied by Balter et al. (2010 . 22 In previous studies 20, 21, 24 from our group, we hypothesized that fractionation during intestinal absorption only occurred during plant consumption because of the precipitation of complexes between Zn and phytates in the intestinal tract. The predicted a I-P values are generally higher for grazers than for other animals ( Table 6 , Fig. 8B and C) , which fits with this hypothesis. In contrast, the a I-P values deduced from control feeding experiments tend to be lower than 1. However, the composition of the diet was not documented. Mice reingest their feces (cecotrophes), which might impact the a I-P because of an increased absorption rate, while sheep and human metabolism is quite different.
There is no d 66 Zn data on carnivores and we can only propose a working model. Muscles of sheep and mice d 66 Zn are definitely higher than their diet. 18, 22, 23 A carnivore diet is expected to be associated with a quantitative absorption of zinc. The a I-P of a carnivore diet should therefore be equal to 1, which suggests that, on average, Zn from the different carnivore organs should be isotopically light (since the herbivore muscles are usually enriched in Zn light isotopes). d 66 Zn data on blood and bones of carnivores paired with data on prey's muscles are missing. The absorption effect cannot therefore be rigorously tested using the currently available data. Yet, given the range of values observed for different food categories, it may be an important factor of Zn isotope variability in organs and fluids (Fig. 8D ). Additional discussion on the implications of the model for the interpretation of human blood Zn isotope signatures is available in the Supplementary Information 3 (ESI †).
Conclusion
We successfully modeled Zn elemental and isotopic homeostasis through a robust 10-box dynamic model of the human body taking the diet and the excretion channels into account. We obtained residence time for each reservoir and the characteristic times of chemical and isotopic readjustment to changes in diet. This study confirms the stability of the Zn isotope compositions of the blood throughout the human life for a stable diet. A drift of isotope ratios due to aging is unlikely. We showed that the Zn isotope composition of human blood is strongly related to diet and possibly anthropogenic contamination.
We also demonstrated the potential of the present box model to identify the composition of the diet of mammals from the Zn isotope ratios of the different body tissues, which opens perspectives for paleodietary reconstructions. We show that the isotope fractionation during absorption and the original isotope composition of the diet are the two main factors controlling the Zn isotope values of the body. We compared the values predicted from our model of the isotope fractionation during intestinal absorption to isotope ratios of animal tissues and associated food products. The results of this comparison fit with the hypothesis of a preferential absorption of heavy isotopes with plant-based diets for wild animals, but not for animals of control feeding experiments, which may be suspected to introduce a bias.
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